Abstract. The Numisheet 2005 Benchmark #3 consists of a two stage forming process performed on four materials (three steels and one aluminum). Stage 1 consists of forming channel sections in a channel draw die with variable penetration draw beads, and is described in detail in another report. In Stage 2, described here, the samples from Stage 1 are trimmed and subjected to near plane strain Marciniak style cup test. The plane straining is performed in 0 o and 90 o orientations. After failure limits for the cup depths are determined, trimmed samples from Stage 1 are strained to specific cup depths (less than the depth of failure) and stresses are measured in situ using a unique X-ray diffraction technique. The results are repeatable and consistent with expectations. The goal of this benchmark is to check not only the strain achieved during a two stage forming process, but also to develop data that include the stresses achieved. These results may then be used to further test the ability of numerical models to predict not only strains but stresses during a forming process.
INTRODUCTION
The Numisheet 2005 Benchmark #3 (BM3) consists of a two stage forming process performed on four materials (three steels and one aluminum). Table 1 lists the uniaxial properties of the materials used (data taken from United States Steel Corp. and Alcoa Inc.). Stage 1 consists of forming channel sections in a channel draw die with variable penetration draw beads, and is described in detail in another report by D.E. Green in this volume. Stage 2 takes the samples from the Stage 1 process and trims them down to a standard blank size in two orientations. These samples are then used in a modified Marciniak-style cup test that permits in situ measurement of the stress in the center of the cup using a unique X-ray diffraction system.
EXPERIMENTAL SETUP
Specimens are taken from the Stage 1 process, and are trimmed down to shapes appropriate for Stage 2 testing. The trimmed blanks are then subjected to a Marciniakstyle cup drawing process. This includes die closure (flattening the blanks) and near plane-straining of the samples to predetermined cup heights (based on preliminary experiments). During the process, ram force, clamp force, and ram displacement are recorded. Strain is measured optically on the top surface of the cup at the start and end of the process. Similarly, stress is measured using a specialized X-ray diffraction technique on the top surface of the cup at the start and end of the process. Fig. 2b with dimensions shown and centered across the width of the panel). Shape A is cut using a table-top sheet metal shear with a manually set fence. Shape B is cut lengthwise by wire EDM and is cut along the width using the tabletop shear used for shape A. On Specimen B, the radius at the edge of the punch in Stage 1 results in an area of much higher curvature than the slight curvature due to springback in the wall. This punch radius curve is reduced, prior to Stage 2 forming, using a 3 ton (26.7 kN) arbor press, as illustrated in Fig. 3 , with wood block faces to avoid marring the blank. The resulting specimen for both shapes have a surface nominally 135 mm by 254 mm, but the area used during the forming process is typically the 135 mm by 155 mm portion inside of the draw bead. The arbor press process shown in Fig. 3 is outside of this area of testing and is thus considered of no consequence to the results of the benchmark. The critical dimension is the 135 mm width since it sets the plane strain constraints. Measurements of the trimmed samples show a mid-plane standard deviation in the width of 1.0 mm for shape A and 0.5 mm for shape B. A washer required for the Marciniak cup test is made from flat non-prestrained DQSK samples to the same 135 mm by 254 mm dimensions but with a 32.5 mm diameter hole centered on the 135 mm width and 150 mm from the edge of the washer (this edge is set in contact with a retention ring attached to the binder, see inset image in Fig. 4 , to properly align the cut-out with the center of the punch).
Blank Trimming

Marciniak Cup test
The forming process for Stage 2 is performed using a hydraulic mechanical testing frame that has been retrofit to perform a Marciniak-style cup test [1] . Figure 4 is a through section of the axisymmetric upper die, binder, drawbead, and punch. A blank (of specimen shape A) and washer are shown prior to die closure. The inset image is a photograph of the configuration with a similar sample and washer in place. The various binder, die, and punch dimensions and axis definitions may be found in the Appendix. The washer is required to improve metal flow over the punch radius during forming, thus concentrating the deformation of the blank material in the area of the washer cut-out [2] . In this configuration, the top surface of the specimen is open for metrology (stress and strain). The bottom of the washer (which will contact the punch radius) and the top of the blank (which will contact the die wall radius) are lubricated with a soybean oil based lubricant spray prior to placement on the binder. The positioning of the specimen and washer with respect to the punch, die wall, and drawbead prior to die closure is shown in Fig. 5a and 5b. After die closure, the specimen is relatively flat, resulting in the specimen and washer position shown in Fig. 5c . The gage section of interest is defined by the limits of the washer cut-out, which is centered on the middle of the punch. The stress and strain measurements used in the benchmark are measured near the center of this hole at Point 4. The initial forces applied to the binder for each material tested are given in Table 2 . These loads are sufficient to lock the blank and washer in the drawbead.
After the blank is inserted, flattened, and the binder is loaded, the punch is manually repositioned to lightly contact the sheet (≈ 0.2 kN). The punch speed is set to 1 mm/s for the forming process. The materials are initially tested to determine the depth to failure. Limits are then set for each material and each Stage 1 bead depth condition to prevent failure during the benchmark cup test. These limits are given in Table 3 . The punch force, binder force, and punch displacement (control) signals are all recorded during the forming process using a digital acquisition system. At the end of the forming process, the punch is held at the final depth while strain and stress measurements are made.
Strain measurement
The open top of the forming machine allows for imaging throughout the forming process. A digital optical camera system is used to take images of the surface of the specimen which is etched with a circle/grid pattern. The reference image is taken after initial flattening, before the forming process is started. The final image is taken after the forming process, while the punch is still at the final depth. True strain in one direction is calculated by manual measurement of the etched pattern visible in the digital images using,
where L r is the reference length and L c is the current length. The uncertainty of resulting strain is based upon the L r used and the precision of L c , and is on the order of 0.15 % strain for one standard deviation. The strain ratio is the simply the ratio of major to minor strain, and is expected to be very close to zero for all the tests performed in Stage 2.
Stress measurement
A procedure similar to residual stress measurement through X-ray diffraction (XRD) [3] is used to measure the in situ stress during Stage 2 forming. When a material with an ordered structure (such as crystalline solid) is exposed to an X-ray beam (typically filtered, collimated, and passed through a slit), reflections off of atoms in the sample volume travel in all directions, and these reflections constructively and destructively interfere by Bragg's Law (a function relating the wavelength of the X-rays, the atom plane spacing, and the angle of reflection to the atom planes). These reflections form a diffraction or fringe pattern in the form of a rings on a sphere extending from the point of reflection. Polycrystalline solids will show many rings each associated with the reflection of a particular family of atom plane orientations.
The reflected intensities (sampled along a line on the sphere) will have peaks at each ring often referred to individually as the diffraction peak for the orientation of the particular family of planes with which it is associated (i.e. "the 110 peak"). It has been shown, that the motion of a diffraction peak (change in reflection angle) is associated with a change in the inter-planar spacing of the atoms and may be related back to the average stress in the sampled volume through empirically determined X-ray elastic constants (XECs). Figure 6 is an image of the X-ray head (tube, collimator, and detectors) in place above the specimen within the Marciniak tooling.
For each material investigated (steel, aluminum, etc.) an appropriate X-ray wavelength (source material for the X-ray tube) and angle of beam incident/reflection must be chosen to emphasize a specific peak for use in XRD. Caution must be taken to not choose a peak: that is a combination of multiple families of orientations; that may shift beyond the measurement window due to the Coordinate axes definition for X-ray beam and detector system (X) and the specimen surface system (X). stresses imposed; or that will greatly reduce in size with deformation (due to grain reorientation during plastic deformation or solid phase changes such as in TRIP steels).
The source materials and settings for the X-ray system used in this benchmark may be found in Table 4 for all 4 materials. The diffraction peaks are located using a two peak Gaussian fit for the steel samples and Pearson VII fit for the aluminum samples to the 85 % level with division of the background radiation (see [3] for a detailed description of these parameters). From these data, Bragg's Law, and knowledge of the initial interplanar spacing (d o ), the lattice distortion ( The governing equation used in residual stress analysis through XRD is,
where the left hand side is the lattice strain (in terms of the inter-planer spacing in the stress free (d o ) and measured (d ψ ) states) and ε i j is the i j component of strain with the right hand side in the X-ray source and detector coordinate system. The right hand side of Eqn. 2 is transformed to the surface system through a simple rotation as shown in Fig. 7 resulting in,
where ψ is the angle between the two systems. Typically stresses are determined from these local strains assuming an isotropic constitutive law (ε i j = 1+ν E σ i j + δ i j ν E σ kk ) which is combined with Eqn. 3 resulting in,
Since the gage area has a free surface on top and bottom, and the sheet thickness is quite small as compared to the length and width of the gage section (≈ 3 %), the assumption is made that σ 33 = 0 (plane stress conditions). Therefore the final equation for calculation of stress from the lattice strain is,
where the terms −ν/E and (1 + ν)/E are often referred to as the X-ray elastic constants S 1 and 1 2 S 2 respectively. The XECs used here are listed in Table 4 and are the XRD system manufacturer default values.
Typically analysis of the XRD data is performed by plotting these data versus sin tilt angle at the time of data collection. Note that during sampling when the angle ψ is set at a specific values, the beam and detector system tilt angle is oscillated during acquisition by a small angle (β = ±3 o ) in addition to each ψ angle to reduce small aberrations that may affect the peak shape. Data from multiple tilt angles taken at one stress level are fit with a single line and ellipse as shown in Fig. 8 . The slope of the line relates directly to the first term on the right hand side of Eqn. 5, and the intercept relates to the second term. The elliptical fit (seen above and below the linear fit) determines the third term in Eqn. 5. Although this would suggest that the stresses in both the 11 and 22 directions are measurable in one scan, the uncertainties in determination of the second term tend to be too large as compared to the stresses of interest. Therefore, we only measure the stress in the direction of tilt (X 1 in Fig. 7 ). The XRD system reports uncertainties in the stress based on the first standard deviation of these data to there respective fits.
To measure the stresses in the perpendicular direction on the surface we perform the test again with the blank and washer rotated 90 o on the binder. This effectively changes the X 1 axes in Fig. 7 to X 2 and exchanges the indexes 1 and 2 in Eqn. 5.
The isotropic assumption is too strong for materials with a high degree of texture (such as sheet metal samples). Although this effect has not been calibrated for in this study, the increased uncertainty is comparable to the uncertainty due to texture evolution, alignment issues, and deformation induced effects, and is approximately 8 %. Note that with additional calibration work (possibly in the near future) these data may be adjusted to higher precision. This calibration would be required to correct for changes in XECs during plastic deformation.
The focal volume is limited by the surface area of the beam spot size (5 mm x 1.5 mm) and the depth of penetration (≈ 40 µm). Although shear stresses can not be supported on the free surface of the specimen, the depth of penetration may result in detection of minor local shear stresses in the interior of the specimen. By Eqn. 5 this would result in splitting of the sin 2 ψ plot of lattice strain. This shear is not a concern in this study, but was measured and seen to be a minor effect (≈ 6 % of the major stresses measured), and is similar to the "shear splitting" (elliptical fit) shown in Fig. 8 . This could be considered an effect of system misalignment and texture effects and further increases the uncertainties by about a factor of 2.
RESULTS
Preliminary tests are performed to determine the failure limits for punch depth for each material and Stage 1 straining (bead depth, D) in Table 3 . These limits are used to prevent failure in the benchmark tests.
Failure tests
For these tests, the Marciniak cup test is performed as described above, but no stress measurements are made and optical images are recorded continuously at 30 frames/second. The optical images were used to verify that near plane strain conditions exist prior to failure. Figure 9 shows the punch depth to failure for the blanks of both shapes (• for shape A and 2 for shape B) for the four materials of interest. The solid symbols at each bead depth are the limits chosen for the benchmark as listed in Table 3 .
Benchmark tests
Participation in BM3 requires modeling of the Stage 1 D = 6.85 mm formed samples for all 4 materials through the Stage 2 procedure, and we will limit our discussion here to those results. The data requirements for submission on BM3 Stage 2 include the load-displacement history of the punch and the major and minor, stress and strain (at point 4 in Fig. 5c ) at the specified final punch depth. These data are required for both orientations (ie. shape A and B specimen). To check the repeatability of the measurements, 8 samples in each orientation are tested. As discussed above, the stress measurement method can measure the stress in only one direction during each test, therefore half of the samples in each orientation are tested at a 90 o rotation on binder. This results in 4 data points for each of the required stresses to be measured.
The punch load-displacement response for each material and orientation (taken from Stage 1 D=6.85 mm samples) is shown in Fig. 10 , where 8 curves are shown together on each plot. There is almost no visible difference between the curves shown in each plot; the repeatability is excellent. To compare the results across materials and orientation a typical curve for each material and orientation is plotted together in Fig. 11 (where a separate line type is used for each material). As shown in the figure, the trace of the load-displacement curves are almost the same for both specimen shapes except for the larger displacements imposed on the shape B specimens.
The results of the optical strain measurements and in situ stress measurements are listed in Table 5 for the Stage 1 D = 6.85 mm samples. The strain results shown are averages of 8 measurements, one on each sample at the final punch depth. The reported stresses are averages of 4 measurements, one on each sample at the final punch depth. The uncertainties reported are based upon the first standard deviation of the results for the multiple samples tested, and are larger than the uncertainties associated with the individual measurements (those based on system limitations). The direction subscripts used are consistent with the axis shown in Fig. 5c .
Recall that the stress measurement procedure is performed using the XRD system at multiple tilt angles for each individual stress measurement. This procedure takes approximately 6 minutes with an additional 4 minutes for moving the system into place and focusing. During this 10 min. period, the punch load decreases. Fig.  12 is a plot of the load versus time for one of the DQSK samples through the hold time. The plot shows the an initial drop off of less than 10 % followed by a slow slight decrease. Optical images taken near the peak load and after the initial load drop show no notable change in strain. To investigate this further, an experiment was performed with an extended hold time (≈1 hr.) over which multiple stress measurements were taken. The measured stresses in this case are the same within the individual uncertainties and are not monotonic with time. Therefore, we do not feel the long time scale slight decrease affects the results. In Fig. 10 , the open circles locate the approximate average time in the mechanical history when the stresses Solid symbols show the benchmark specified final punch depths as listed in Table 3 .
TABLE 5. Major and minor, strain (ε) and stress (σ ) at point 4 (see Fig. 5c ) at the specified final punch depth for Stage 1 D = 6.85 mm formed samples (Table 3) . (listed in Table 5 ) are measured. Table 6 
